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Abstract 
  A novel silica-supported cyclic monoamide resin consisting of poly-N-vinyl- -caprolactam (Silica-VEC) was 
synthesized as a part of the development of resins with selectivity to U(VI) in nitric acid media. As the result of the 
adsorption experiments using 0.1 - 6 mol/dm3 (= M) HNO3, Pd(II) showed increasing distribution ratios with 
decreasing HNO3 concentrations, similarly to another cyclic monoamide resin of polyvinylpolypyrrolidone (PVPP) 
which had been studied before. While, the adsorption rates of Silica-VEC for Pd(II) were found faster than that of 
PVPP, where the color change in the resin after the adsorption of Pd(II) was observed in the sample of 0.1 M HNO3. 
This was also seen in PVPP, due to the reduction of Pd(II) to Pd(0) through the adsorption originated from the strong 
coordination field generated by the nitrogen and oxygen atoms in the polar group of PVPP. The above results suggest 
that VEC with a 7-membered ring has a nature of a cyclic monoamide like PVPP, i.e., the strong coordination field, 
in HNO3, and that the degree is lower than that of PVPP with a 5-membered ring. In addition, it was found that 
distribution ratios of Silica-VEC for Re(VII), a simulant of Tc(VII), in HNO3 of lower concentration range were 
higher than those of PVPP, indicating that Silica-VEC may be available as a resin for selective recovery of Tc(VII).  
 
© 20xx The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of Institute of Nuclear and New Energy Technology, 
Tsinghua University 
 
 
Keywords: cyclic monoamide; resin; N-vinyl- -caprolactam; U(VI); Pd(II); Re(VII); HNO3
 
* Corresponding author. Tel.: +81-6-6721-2332; fax: +81-6-6723-2721. 
E-mail address: mnogami@ele.kindai.ac.jp. 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of Institute of Nuclear and New Energy Technology, Tsinghua University
ScienceDirect
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
 Masanobu Nogami et al. /  Energy Procedia  39 ( 2013 )  96 – 101 97
1. Introduction 
Uranium(VI) is the most stable U species in aqueous nitric acid solutions. Separation of U(VI) from 
HNO3 containing U(VI) and other metal ions is very important to treat radioactive wastes.  For 
developing resins with selectivity to U(VI) in HNO3 media, we have synthesized several silica-supported 
polymer beads with the structure of a monoamide as the functional group and their adsorptivities to 
various metal ions have been examined[1-3]. In addition, we have investigated the adsorptivity of 
commercially-available polyvinylpolypyrrolidone (PVPP), one of cyclic monoamide resins with a 5-
membered pyrrolidone ring[4]. These studies have clarified that the adsorptivity of PVPP was different 
from those of chain monoamide resins. It has been found that PVPP weakly adsorbs Pd(II) and Re(VII) in 
lower concentration range of HNO3, where the distribution ratios decrease with increasing concentrations 
of HNO3, and that those values for other major FP ions are much lower. In particular, the adsorption rates 
for Pd(II) are extremely slow, i.e., the adsorption of Pd(II) does not attain the adsorption equilibrium after 
30 h of contact between PVPP and 0.1 - 6 M HNO3 containing Pd(II)[4]. For example, Pd(II) has been 
found to be specifically adsorbed onto PVPP[4], while no adsorption of Pd(II) has been observed for 
Silica-DMAA resins whose functional group is composed of straight chain acrylamide[1]. Such a 
difference was expected to result from the strong coordination field generated by the nitrogen and oxygen 
atoms in the polar group of PVPP[4].  
N-alkylcaprolactam compounds are categorized into cyclic monoamides with a 7-membered ring, and 
the applicability to the separation of actinoid(IV) and (VI) species as extractants in HNO3 media has been 
investigated by examining the extraction behavior for, e.g., U(VI)[5,6], Th(IV)[5], and Tc(VII)[7]. In the 
present study, a novel silica-supported cyclic monoamide resin consisting of poly-N-vinyl- -caprolactam 
(Silica-VEC, Fig. 1) was synthesized as a part of the development of resins with selectivity to U(VI) in 
HNO3. It is no doubt that the acquisition of data on the adsorptivity to U(VI) is essential. However, it is of 
great interest to investigate the adsorptivity of Silica-VEC with the chemical structure of a cyclic 
monoamide. Therefore, adsorptivities of Silica-VEC to Pd(II) and Re(VII) which were weakly which 
were adsorbed by PVPP were examined in this study.  
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Fig. 1. Chemical structure of Silica-VEC 
2. Experimental 
2.1. Synthesis of resin 
VEC was purchased from Tokyo Chemical industry, Co., Ltd., and divinylbenzene (DVB, purity 80 %) 
was employed as a crosslinking agent. SILBEAD MST-8C from Mizusawa Industrial Chemicals, Ltd. 
was sieved between 63 and 150 m and used as a porous silica support. Silica-VEC was synthesized by a 
single step of direct polymerization of the mixture of the porous silica support and oil (VEC, DVB, pore 
producing solvents, and initiators). The organic chemicals were used without further purification. The 
component of the mixture is listed in Table 1, which was determined by pre-polymerizations using 
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several combinations of pore producing solvents. The resin had 8 % of crosslinkage. Polymerization of 
the mixture was performed in the similar method as described in the earlier papers[1,2]. The resin product 
was washed with acetone and water, followed by the characterization by infrared (IR) spectroscopy and 
thermogravimetry (TG). For TG, the adhesion ratio of the polymer to the silica was determined using an 
electric furnace by raising the temperature from room temperature up to 1273 K. 
As the reference, VEC without a silica support was synthesized by bulk polymerization using the 
identical oil component in a separable flask, because the adhesion ratio for Silica-VEC was found to be 
low. The resulting polymer was washed with acetone, dried, and grinded using a mortar, followed by 
being sieved between 63 and 150 m.  
Table 1 Component of raw material for Silica-VEC 
Silica 
 / g 
VEC 
 / g 
DVB 
 / g 
Pore producing 
solvents / g initiators / g 
methyl benzoate : 22.0 
heptane : 13.8 
2,2’-azobis(isobutyronitrile) : 0.5 
1,1’-azobis(cyclohexane-1-carbonitrile) : 0.5 97 40.5 4.5 
 
2.2. Adsorptivity of synthetic resin 
The adsorption rates for Silica-VEC and VEC without silica were measured by a batch method using 
Pd(II). Samples of the conditioned resin (0.2 g) and 0.1 - 6 mol/dm3 (= M) HNO3 solutions containing 1 
mM Pd(II) (4 cm3) were shaken at 298 K in a thermostatic shaking bath. Samples of the supernatant were 
taken after appropriate contact times up to 24 h and the concentrations of Pd were measured using ICP-
AES.  
Adsorptivities of Silica-VEC and VEC without silica to Pd(II), Re(VII) which is a simulant of Tc(VII), 
and Nd(III) from 0.1 - 6 M HNO3 at equilibrium were examined by a batch method using the same 
procedure as for the rate of adsorption, i.e., the initial concentration of each metal ion was 1 mM and the 
contact time was 24 h. Adsorptivities were evaluated by the distribution ratio, Kd, defined as,  
 
C 
 
where C0 and C denote the concentrations of the metal ion in the solution before and after contact with the 
resin, respectively. V and W represent the volume of the solution and the weight of the resin excluding 
silica, respectively. C0 and C for each metal ion were determined by ICP-AES.  
3. Results and discussion 
3.1. Synthesis of resin 
Polymerization of VEC on the surface of the silica was confirmed by IR spectra of Silica-VEC. In the 
spectra, an increase in the intensity of the peak at around 1645 cm-1 attributed to the stretching vibration 
of C=O bond of VEC was not clear because of the interference by the peak originated from the neat silica 
support, while the new peaks at around 3000 cm-1 attributed to the alkyl groups of VEC were observed.  
For the TG analysis, it was found that the decrease in weight of Silica-VEC was 17.4 %, from which the 
0 - C V Kd = C x (cm
3/g) (1) W 
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adhesion ratio was calculated as 45.2 % based on the ratio of the organic components of the mixture 
before polymerization. Such a low adhesion ratio in Silica-VEC means insufficient adhesion of poly-VEC 
on the silica after polymerization. Such a low adhesion ratio has also been observed for Silica-VMAA 
resins which consist of N-vinyl-N-methylacetamide[1]. The reason still remains unclear since the 
polymerization of VEC without silica seemed to be achieved without any specific problems. The effort to 
improve the adhesion ratio is in progress.  
3.2. Adsorptivity of synthetic resin 
Adsorbed amount of Pd(II) onto Silica-VEC and VEC without silica, qPd, as a function of time is 
shown in Fig. 2. It can be evaluated that the tendency of the adsorption rates and the dependence of the 
adsorptivities on the concentration of HNO3 between the two resins are similar. For both resins, the 
equilibrium is attained within approximately 3 h except for 0.1 M HNO3, although the deviation of the 
data for silica-VEC is observed in the earlier stage of the contact time. These adsorption rates are much 
faster than those for PVPP where qPd values for 30 h of contact are ca. 80 and 30 % higher than those for 
1 h in 0.1 and 6 M HNO3, respectively.  
Concerning the appearances of the resin sample, the color of the sample of VEC without silica with 0.1 
M HNO3 was changed gradually from orange to dark brown with the adsorption of Pd(II). While, the 
samples of 3 and 6 M HNO3 kept orange. It was difficult to observe such color changes for the samples of 
Silica-VEC, because all resins exhibited light brown color due to the color of the silica support. As for 
PVPP, the color change was observed in the sample of 3 M HNO3 as well as that of 0.1 M HNO3. The 
color changes in PVPP were explained by the reduction of Pd(II) to Pd(0) through the adsorption 
originated from the strong coordination field generated by the nitrogen and oxygen atoms in the polar 
group of PVPP[4]. The above results suggest that VEC also has a nature of a cyclic monoamide, i.e., the 
strong coordination field generated by the nitrogen and oxygen atoms in the polar group of a 7-membered 
ring, and that the degree is lower than that of PVPP with a 5-membered ring.  
It is also found from Fig. 2 that qPd values for Silica-VEC are higher than those for VEC without silica 
at the identical contact time. One of the reasons may be the more oily nature of VEC without silica which 
leads to water-shedding, although both two resins were fully washed with acetone after polymerization.  
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Fig. 2. Plots of amount of adsorbed Pd(II) onto VEC resins versus time; (left) Silica-VEC, (right) VEC without silica.  
The Kd values of VEC resins for Re(VII), Pd(II), and Nd(III) at 24 h of contact are shown in Fig. 3. 
Nd(III) shows very little adsorptivity as expected from the results of other monoamide resins[1,2,4]. It 
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can be seen that Re(VII) and Pd(II) show increasing Kd values with decreasing HNO3 concentrations and 
that the dependence of the Kd values on the concentration of HNO3 is more distinguished in Re(VII) than 
in Pd(II), which is in accordance with the tendency of PVPP[4]. On the other hand, the Kd values for 
Re(VII) in HNO3 of lower concentration range are much higher than those for Pd(II), which is different 
from the results of PVPP, although the direct comparison of the data between the two resins PVPP is 
impossible due to the different experimental conditions of initial concentrations of metal ions and 
solid/liquid ratios. The lower Kd values for Re(VII) and Pd(II) of Silica-VEC than those of VEC without 
silica are compatible with the results of Fig. 2. The high Kd values of VEC resins for Re(VII) indicate that 
Silica-VEC may be available as a resin for selective recovery of Tc(VII) from HNO3 solutions without U 
species under the confirmation of the adsorptiviy to U(VI) in the future.  
Earlier studies on solvent extraction have revealed that the extraction property of a chain-type 
extractant of 2,2’-(methylimino)bis(N,N-dioctylacetamide) (MIDOA) which has three donors of two 
carbonyl oxygen and one nitrogen for Tc(VII) is better than that of caprolactams. This is explained by the 
number of molecules necessary for the extraction of one Tc(VII) ions, namely, two or three molecules  for 
caprolactams and one for MIDOA[7,8]. Therefore, chelating effects through the main polymer chain of 
the VEC resins are likely to contribute to the high Kd values for Re(VII). The reason for the higher 
adsorptivity of VEC resins to Re(VII) than PVPP, however, still remains unclear and more studies are 
necessary.  
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Fig. 3. Adsorptions of Re(VII), Pd(II), and Nd(III) onto VEC resins from HNO  solutions.  3
4. Conclusions 
A novel silica-supported cyclic monoamide resin of Silica-VEC was synthesized and the adsorptivity 
was examined in HNO3. It was found from results of Pd(II) that VEC with a 7-membered ring has a 
nature of a cyclic monoamide like PVPP, i.e., the strong coordination field generated by the nitrogen and 
oxygen atoms in the polar group of the caprolactam ring in HNO3 particularly of lower concentration 
range, and that the degree is lower than that of PVPP with a 5-membered ring, judging from the color 
change of the resin samples. In addition, it was found that Kd values for Re(VII), a simulant of Tc(VII), in 
HNO3 of lower concentration range were high enough to be available as a resin for selective recovery of 
Tc(VII). An improvement of the adhesion ratio of the VEC polymer to the silica support and the 
investigation on the adsorptivity to U(VI) species will be the task in the future.  
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